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The measured distance error caused by double peaks in the BOTDRs (Brillouin optical time domain 
reflectometers) system is a kind of Brillouin scattering spectrum (BSS) deformation, discussed and 
simulated for the first time in the paper. Double peak, as a kind of Brillouin spectrum deformation, is 
important in the enhancement of spatial resolution, measurement accuracy and crack detection. Due to 
the variances of the peak powers of the BSS along the fibre, the measured starting point of a step-shape 
frequency transition region is shifted and results in distance errors. Zero-padded Short-Time-Fourier-
Transform (STFT) can restore the transition-induced double peaks in the asymmetric and deformed BSS, 
thus offering more accurate and quicker measurements than the conventional Lorentz-fitting method. The 
recovering method based on the double-peak detection and corresponding BSS deformation can be 
applied to calculate the real starting point, which can improve the distance accuracy of the STFT-based 
BOTDR system.  
 
1. Introduction  
The Brillouin scattering-based optical fibre sensors can provide 
a convenient method of health monitoring for large civil 
structures, such as pipe lines, bridges, tunnels and dams, which 
is significant for diagnosing deterioration and preventing 
disasters. BOTDRs (Brillouin optical time domain reflectometers) 
have been applied to measure the distributed temperature and 
strain along the entire optical fibre up to 30km, by utilizing the 
proportionality between the strain and temperature in an 
optical fibre and the Brillouin frequency shift [1-4]. In the 
BOTDR system, a laser probing pulse is launched into the sensing 
fibre and its spontaneous Brillouin scattering (SpBS) spectrum 
along the fibre is detected at the same end of the fibre, which is 
convenient for the field applications [4, 5]. Conventionally, the 
BOTDR system requires a time-consuming frequency scanning 
of the entire SpBS spectrum and a great amount of averaging up 
to 2^20 times to obtain the accurate Brillouin scattering 
spectrum (BSS) by Lorentz fitting [6, 7].  
Recently, a fast-speed Discrete Fourier Transform (DFT)-based 
BOTDR has used the wideband detection architecture 
accelerated by digital signal processing (DSP) and/or field-
programmable gate array (FPGA) to replace the time-consuming 
frequency sweeping method and takes only 1 s to measure the 
frequency-down-converted SpBS signal up to 500 MHz over the 
1.5 km testing fibre [6, 8]. This wideband detection has been 
demonstrated at a temperature resolution of 3 °C and a spatial 
resolution of 2 m for 6 km fibre [10]. Very recently, the 
distributed dynamic strain measurement has been 
demonstrated, which can detect 16.7 Hz dynamic strain 
variation with 4 m spatial resolution and 45 µɛ uncertainty on a 
12 m section at the end of a 270 m sensing fibre [11]. In both the 
traditional BOTDR and DFT-based BOTDR, the centre frequency 
of the BSS is measured by the peak power of the SpBS spectrum, 
which assumes that the spectrum is Lorentz shape. If the strain 
and/or temperature along the fibre under test does not 
distribute uniformly within the spatial resolution, the actually 
measured Brillouin spectrum will deform from the Lorentz 
distribution [12]. Moreover, double BSS peaks exist in the 
frequency transition region [13-16], which can induce BSS 
deformation. The detection error of the peak power can 
therefore deteriorate the distance measurement accuracy of the 
BOTDR. Hence, the double-peak spectrum deformation is 
important in improving measurement accuracy [14], spatial 
resolution [17] and crack detection [18]. However, this effect has 
not been thoroughly investigated yet.  
This paper demonstrated the use of the zero-padding-enhanced 
Short-Time-Fourier-Transform (STFT) for the first time to 
restore the spectrum deformation in order to reduce the 
distance error for a step-shape and uniformly distributed 
temperature event. A method using three zero crossings of the 
derivative of BSS along the distance axis over the transition area 
is utilised to verify the existence of double peaks. The measured 
starting point of the events is shifted within the effective pulse 
length due to the power variance in the two events. A recovery 
method is introduced to compensate the distance error by 
applying the measured power variances of the BSS into its 
integration solutions. 
In this paper, section 2 reviews the BSS; section 3 describes the 
origin of the double peaks as a kind of spectrum deformation, the 
induced distance error and the method to determine double 
peaks. In section 4, the advantages of zero-padded STFT is 
explained with the potential to replace the conventional 
frequency-sweeping and Lorentz-fitting method. The recovery 
method is introduced in Section 5. Section 6 describes the 
experimental results and discussions.  
2. BSS in the fibre 
Brillouin scattering results from the scattering of light by sound waves 
[19]. The exponential decay of the acoustic waves results in a gain 
representing a Lorentz-shape profile [20]: 
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Where g0 is a Brillouin gain coefficient, ∆v is the half-width at half-
maximum and vB is the central frequency at peak-power. It was found 
that the SpBS frequency increases linearly with strain [21] and 
temperature [22]: 
    0 1B B sv v C                         (2) 
 
     1B B r t rv t v t C t t                      (3) 
 
Where ɛ is the tensile strain, t is the temperature and tr is reference 
temperature, respectively. 
3. Double-peaks-induced distance error in BOTDR 
The spatial resolution of a BOTDR system is affected by both the light 
pulse duration and detection bandwidth. The spatial resolution δz is 
given by [23]: 
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Where W is the pulse width, c is the speed of light in vacuum, n is the 
refractive index of the fibre core, N is the number of DFT points in a 
frame and fs is the sampling rate. A short pulse increases the spatial 
resolution, but the BSS broadens at the same time [16].  If the number 
of DFT points decrease in a frame, the waveform frequency resolution 
will worsen.  
As the light pulse travels along the fibre, the BSS will be built by the 
sum of the components generated in a fibre within the effective pulse 
length [14]. Fig. 1 summarises the evolution of double peaks in BSS 
due to the interaction of light pulse with temperature event transition 
area in the fibre. As shown in the figure, the BSS only has one peak 
when the pulse travels in the uniform temperature event.  
 
 
 
 
 
When the pulse enters the transition area of the event, the double 
peaks happen when the peaks are well separated in the spectrum as 
shown in Fig. 2a. Otherwise, two close peaks can induce Brillouin 
spectrum deformation as shown in Fig. 2b, and increase the full width 
at half-maximum (FWHM) of the BSS. Fig. 2 is derived from two 
Lorentzian-shaped Brillouin gain spectrums and their sum. The 
phenomenon of double peaks is a source of the BSS deformation, 
which is displayed in the spectrum domain obtained by digitizing the 
Brillouin scattering time domain signal and transferring the signals to 
frequency domain using time-frequency analysis. 
 
 
(a) 
Fig. 1. Schematic of the temperature distribution, the optical pulse 
and its BSS along the fibre. 
 
(b) 
Fig. 2. (a) Spectrum of double peaks. (b) Spectrum of two close peaks 
which cannot be well separated.  
It is defined that the starting point of the second event happens when 
the middle of the effective pulse meets the 2nd event [13, 14].  In both 
events, the temperature is uniformly distributed, with different 
temperatures t1 and t2, respectively. The distribution is given as: 
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 As a result, the light pulse will travel through the step-shape events 
gradually, which leads to a merging of the two BSSs with different 
peak-power frequencies within the spatial resolution. Generally, the 
middle point of the pulse represents the real position of a local strain 
and/or temperature change [12, 13].  
The Brillouin spectrum Hi (v) over the effective pulse can be expressed 
as the integration of BSS over the effective pulse length: 
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Where zi is the centre of the effective pulse, ∆z is the length of the 
effective pulse, t(z) is the temperature at position z. By substituting 
Eqs (1),(3) and (5) into Eq. (6) the BSS can be rewritten as: 
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where g(z) is given by 
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By solving Eqs. (7) and (8), the BSS as a function of the distance can be 
derived. Fig. 3 shows a simulated situation of a double-peak 3D BSS 
within the effective pulse length.  
 
 
Fig. 3. 3D spectrum of double-peak transition region within 
effective pulse width.  
The double-peaks-induced spectrum deformation will result in a 
distance error of the measurement. Since the Brillouin centre 
frequency is obtained by the peak-power detection of the 
spectrum, in the case that the BSS contains double peaks, the 
BOTDR system captures the higher peak, which sharpens the 
detected curve of the peak-power frequency. However, the two 
peaks of the BSS usually have different Brillouin scattering gains 
with different temperatures and/or strains [20]; therefore, the 
detected event transition point (where the peak-power of the 
two peaks are equal) will not be the real event transition 
position. The BSS with the higher gain will dominate the 
spectrum more in the double-peak region, which results in the 
length extension of the detected event and a distance error of the 
measurement.  As simulated in Fig. 3, a BSS with a higher gain 
has a larger influence on the spectrum deformation, which 
induces a distance error using conventional peak-power 
frequency detection. 
   The existence of double peaks in the transition region can be 
actually predicted by solving the differential of the BSS along the 
distance axis. If there are three zero roots along the distance 
domain, double peaks exist as simulated in Fig. 3 and Fig. 4.  
 
Fig 4. Derivative of the BSS over the transition region along the distance 
axis to verify the existence of double peaks. 
Fig . 5 defines the distance error between the measurement and the 
real situation. The normalised position error of the event is defined as 
negative if the event transition point is left shifted, and positive if the 
point is right shifted. For example, if the second event has a higher 
temperature than the first event, the peak power of the BSS will be 
detected earlier (left shifted, or having negative position error). As a 
result, the measured event transition position is left-shifted or having 
negative position error.  
 
 
 
Fig. 5. The red dotted line is the real starting and ending points; the blue 
line is the simulated Brillouin centre frequency due to pulse and double 
peaks and the starting and ending.  
4. Zero padding-enhanced STFT algorithm 
STFT is a transform applied to evaluate the sinusoidal frequency and 
phase content of local sections of a signal as it changes over time [24]. 
The signal captured by the digitiser of a coherent heterodyne BOTDR 
system can be represented as discrete frequency domain information 
[9]. In the case of a wideband receiver, the data to be transformed 
need to be split up into frames and each frame is Fourier transformed. 
The discrete STFT transform is given by [24]: 
    (9) 
Where x[n] is the signal to be transformed and w[n] is the window 
function. DFT requires the signal length to be finite in each frame, 
which means the N-point DFT operates on an N-elements data vector 
x[n] to produce an N-element result in a frequency domain X[K].  
   
1
2 /
0
N
j nk N
n
X k x n e 



                      (10) 
If the actual signal length L is less than N, the data vector can be 
extended by “zero-padding” which accounts to putting zeros at the 
end of digitised time domain signal [24]. The zero padding will add 
zeros at the end of original signal x[n] as the following equation: 
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The reason to use zero padding is to interpolate the frequency domain 
signal [25]. As an important step for the recovery methods, zero 
padding has two advantages. Firstly, it improves the accuracy of 
transformed spectrum and defines the event detection region more 
accurately [24]. The conventional fitting method is symmetric, which 
brings errors in the strain/temperature transition sections [17]. 
Secondly, the problem of finding the peak of BSS is made easier when 
the Brillouin spectrum is more densely sampled [26]. It is important 
to distinguish between two aspects: “spectrum resolution” and “FFT 
resolution”. The spectrum resolution is the minimum spacing 
between two frequencies that can be resolved. The FFT resolution is 
the number of points in the spectrum, which is directly proportional 
to the number of points applied in the FFT.  
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NFFT equals the number of actual data and zero padding. Zero padding 
increases the number of FFT bins per Hz and enhances the accuracy 
of the peak detection [27]. A robust method for estimating peak 
frequency is by taking the interpolated peak location in the cross-
correlation function as the frequency estimation, which provides 
much greater immunity to noise [16, 25]. As a summary, due to the 
asymmetry and deformation of the BSS in the frequency transition 
region, conventional symmetric Lorentz fitting is not suitable for 
restoring double peaks in BSS [12, 13]. Zero padding in the time 
domain corresponds to interpolation in the frequency domain, and 
interpolating the spectrum is useful in peak detection and asymmetric 
spectrum restoring [15, 16].  Therefore, zero-padded STFT can 
restore the spectrum of double peaks and detect the peak-power 
Brillouin frequency, which is useful for distance error recovering.  
5. Distance error recovery method 
The recovering method is based on the calculation from Eq. (7) 
by substituting the BSS gain of the two events and assuming 
uniformly distributed step-shape temperature events which 
occupy half and half of the pulse length in the simulation as 
shown in Fig 6.  The calculated BSS, placed in the middle of the 
effective pulse, is determined by measured Lorentz-shape BSS 
integration over the effective pulse. The calculated distance 
error is defined as the difference between the starting points of 
measured event and the peak power detected from the 
calculated BBS as shown in Fig. 6.  For example, if the measured 
temperature difference is 50 °C for the step-shape event, and the 
gain is g1 and g2, a step-shape temperature distribution can be 
placed as shown in Fig. 6A. Integration of the Lorentz-shaped 
BSS over the length of an effective pulse can bring the calculated 
BSS over distance as explained in Eq. (7) shown as Fig. 6B. The 
Brillouin centre frequency shown as the horizontal dash line can 
be found for both of the measured and calculated BSS along to 
distance axis, and then the calculated distance error can be 
worked out.  
 
Fig. 6. Calculated distance error, (A) A predefined step-shape 
temperature event; (B) The estimated BSS calculated by integration over 
the effective pulse length. 
 
6. Experimental results and discussion 
Fig. 7 and 8 show the schematic representation of the STFT 
based BOTDR system with temperature calibration unit. A 
continuous-wave (CW) laser diode was followed by a 90/10 
coupler which split the light into branch A and B. The branch A 
signal was modulated by an electro-optical modulator (EOM) 
with 34 ns modulating pulse. The pulse was amplified by an 
erbium-doped fibre amplifier (EDFA) followed by an optical 
filter and then a circulator and launched into a 1.5 km fibre under 
test (FUT). The branch B was the reference light followed by a 
polarization scrambler (PS) and then coupled with the back-
scattering signal from the FUT. A 26GHz photodetector (PD) is 
utilized for coherent detection of the system. The PD output was 
then amplified and frequency down-converted from 10.8 GHz to 
350 MHz. A digitizer was utilized to capture the final signal.  
 
Fig. 7. Experimental setup for STFT-based BOTDR system. 
PS: polarization scrambler; EDFA: erbium-doped fibre amplifier; EOM: electro-
optic modulator; FUT: fibre under test; BPF: bandpass filter; PD: photodetector.  
The total FUT consists of three sections of single mode fibres 
(SMF) as shown in Fig. 8. The second section is controlled by a 
waterbath during the experiment. The temperature can be set 
from 40 °C to 80 °C. 
 
Fig. 8. Experimental setup for the temperature-controlled unit of the STFT-
based BOTDR system. 
 
Double peaks have been observed when the temperature in the 
water bath is higher than 40°C, where the room temperature is 
20°C. The BSS measurements in the event transition region at 
70°C and 40°C are displayed in Fig. 9 and Fig. 10, respectively. 
The corresponding derivatives of BSS over the region are shown 
in Fig. 9b and Fig. 10b, respectively. The window size used in the 
signal processing was set to be the same as the effective pulse 
length which is 3.4m, and the spectrum separation is Fs/L = 
29.412MHz. In 40°C experiments, the shift of BSS was less than 
the spectrum separation, so that double-peak was not observed 
in Fig. 10. 
 
(a) 
 
(b) 
Fig. 9. Experimental results for 70 °C experiment (a) The plot of BSS 
along the distance; (b) the derivative of BSS to determine the double 
peaks.  
 
(a) 
 
 (b)  
Fig. 10. Experimental results for 40 °C experiment (a) The plot of BSS 
along the distance; (b) the derivative of BSS to determine the double 
peaks. 
As the temperature increases, the measured spatial resolution 
enhances to 0.02 m. The starting point of the section in the 
waterbath was left-shifted due to the double peaks and has 
higher gain at the peak-power frequency than the section in the 
room temperature. The distance error varies from 0.06m to 
0.23m to the left when the temperature rising from 50°C to 80°C 
and induced left-shift (negative) distance error as shown in Fig. 11. 
Since the Brillouin gain of the BSS grows as the temperature 
increases [19], the BSS with higher temperature dominates more 
and induces larger distance errors.  
 
Fig. 11. Experimental results of Brillouin centre frequency from 50 °C to 
80 °C. 
The measured and calculated distance error is normalised to the 
effective pulse length (3.4m) shown in Fig. 12 using the recovery 
method explained in section 5. The difference between the 
errors is less than 0.3% of the effective pulse length, which 
indicates that the method can enhance the event position 
measurement for the step-shape frequency events in the post-
processing.  
 
Fig. 12. Normalized position shift with respect to the frequency shift as 
temperature changes from 50 °C to 80 °C. Square and round points are 
calculated and measured distance error, respectively.  
7. Conclusion  
We discussed the distance error of a step-shape temperature 
distribution in the fibre, which is caused by double-peaks-induced BSS 
deformation. A zero-padded STFT-BOTDR is demonstrated in the 
paper as reducing the distance error, which can restore the 
asymmetric and deforming BSS and offer a more accurate 
measurement than the frequency sweeping and Lorentz-fitting 
method used in conventional BOTDR. A method using three zero 
crossings of the derivative of BSS along the distance axis over the 
transition area is utilised to verify the existence of double peaks. The 
measured transition position of the events is shifted due to the BSS 
power variance in the two events, which can be recovered by applying 
the measured peak powers of the BSS into a calculation to compensate 
the position error. Various-shape temperature and strain distribution, 
such as linear and parabolic shape, can be further investigated as 
future work.  
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